Abstract. A novel passive vibration isolation and damping concept is implemented to
INTRODUCTION
As wind power continues its rapid growth worldwide, wind farms are likely to comprise a significant portion of the total production of wind energy, and may even become a sizable contributor to the total electricity production in some countries. The high quality wind resource and the proximity to load centers make wind energy a compelling proposition. A critical factor in the design of wind turbines is their dynamic response, due to wind loads and seismic excitations. A way to extend the feasibility of the wind turbine towers is by means of structural control, in which external devises are installed in order to reduce the dynamic response. For structural control of fixed wind turbines, resonant damping is the concept most widely used by the industry, and it is also the damping concept that has received the most attention in the literature. Installation of a resonant damper like a Tuned Mass Damper (TMD) have been shown to degradate the response of the wind turbine. In order to be effective, a resonant damper like a TMD should be installed where the absolute motion of the targeted vibration mode is large, wich is at the top of the tower or inside the nacelle.
The Tuned Mass Damper (TMD) has a long history, already more than 100 years. The TMD concept was first applied by (Frahm, 1909 [8] ). A theory for the TMD was presented later in the paper by (Ormondroyd and Den Hartog, 1928 [16] ) . A detailed discussion of optimal tuning and damping parameters appears in (Den Hartog, 1956 [5] ). Since then, numerous applications of various forms of TMDs have been reported. Some recent examples include vibration absorption in seismic or other forms of excitation of structures (Debnath et al., 2015 [4] ), wind and wave excitation in wind turbines by and torsional vibrations in rotating and reciprocating machines by (Mayet and Ulbrich, 2015 [14] ). TMDs are available in various physical forms, including solids, liquids, or even active implementations (Younespour and Ghaffarzadeh, 2015 [22] ). The essential limitation of the TMD is that a large oscillating mass is required in order to achieve significant vibration reduction. Among others, this has prohibited the usage of TMDs in the automotive or aerospace sector.
A parallel direction to the various TMD approaches is the concept of introducing negative stiffness elements (or 'anti-springs') for vibration isolation. This concept has also a long history, being first introduced in the pioneering publication of (Molyneaux, 1957 [15] ), as well as in the milestone developments of (Platus, 1999 [17] ). The central concept of these approaches is to significantly reduce the stiffness of the isolator and consequently to reduce the natural frequency of the system even at almost zero levels (Carella et al., 2007 [2] ), being thus called "Quazi Zero Stiffness" (QZS) oscillators. In this way, the transmissibility of the system for all operating frequencies above the natural frequency is reduced, resulting to enhanced vibration isolation. An initial comprehensive review of such designs can be found in (Ibrahim, 2008 [10] ). However, Quazi Zero Stiffness (QZS) oscillators suffer from their fundamental requirement for a drastic reduction of the stiffness of the structure almost to negligible levels, which limits the static load capacity of such structures.
A novel passive vibration isolation and damping concept, KDamper is proposed in Antoniadis et al. [1] incorporating negative stiffness elements in the classical Tuned Mass Damper isolation system (TMD), which can exhibit extraordinary damping properties, without presenting the drawbacks of the traditional linear oscillator, or of the 'zero-stiffness' designs. This oscillator is designed to present the same overall (static) stiffness as a traditional reference original oscillator. However, it differs both from the original SDoF oscillator, as well as from the known negative stiffness oscillators, by appropriately redistributing the individual stiffness elements and by reallocating the damping. The KDamper always indicates better isolation properties than a TMD damper with the same additional mass. Instead of increasing the additional mass, the vibration isolation capability of the KDamper can be increased by in-creasing the value of the negative stiffness element. Although the proposed oscillator incorporates a negative stiffness element, it is designed to be both statically and dynamically stable. Once such a system is designed according to the approach proposed in (Antoniadis et al., 2015 [1] ), it is shown to exhibit an extraordinary damping behaviour. Figure 1 presents the basic layout of the fundamental vibration isolation and damping concepts to be considered. They are all designed to minimize the response x(t) of an undamped SDoF system of mass m and static stiffness k of to a base excitation of xG(t).
GENERAL CONCEPT FOR LINEAR DAMPERS
The concept of the QZS oscillator, presented in Figure 1 .a, is to add a negative stiffness element kN in parallel to the original stiffness k of the system, so that the overall stiffness of the system becomes lower than the original stiffness of the system. However, this limits the static loading capacity of the structure, which may result to unsolvable problems, especially for vertical vibration isolation. Figure 1 .c presents the fundamental concept of the KDamper. Similarly to the QZS oscillator, it uses a negative stiffness element kN. However, contrary to the QZS oscillator, the first basic requirement of the KDamper is that the overall static stiffness of the system is maintained:
In this way, the KDamper can overcome the fundamental disadvantage of the QZS oscillator. Compared to the TMD damper, the KDamper uses an additional negative stiffness element kN, which connects the additional mass also to the base. Thus, the equation of motion of the KDamper becomes:
or equivalently:
Assuming a harmonic excitation in the form of: (6) and a steady state response of:
the equations of motion (Eq. 4-5) of the TMD become: (10) or equivalently:
A careful examination of Eq. (11) (12) reveals that the amplitude FMD of the inertia force of the additional mass and the amplitude FN of the negative stiffness force:
are exactly in phase, due to the negative value of kN. Thus, the KDamper essentially consists an indirect approach to increase the inertia effect of the additional mass mD without however increasing directly the mass mD itself. Moreover, it should be noticed that the value of FMD depends on the frequency, while the value of FN is constant in the entire frequency range, a fact which is of importance for low frequency vibration isolation.
THEORY AND MODELING
The wind turbine tower is modeled as an assemblage of beam elements with sway degrees of freedom considered to be the dynamic degrees of freedom. The theoretical development is based on the assumption that the cross-sectional dimension within the element remains the same, i.e. prismatic beam element. Additional assumptions made for the analytical formulation are: (i) the wind turbine tower is considered to remain within the elastic limit under the earthquake excitation and/or the aerodynamic loads; (ii) the system is subjected to a single horizontal (uni-directional) component of the earthquake ground motion; and (iii) the effects of soil-structure-interaction (SSI) are not taken into consideration. 
Mathematical modeling of wind turbine tower
where S M , S C and S K are the mass, damping, and stiffness matrices of the wind turbine tower, respectively of order N n N n . Here, N indicates degrees of freedom (DOF) for the wind turbine tower and n indicates DOF for the STMD, 2TMDs or KDamper.
Further,
, s x and s x are the unknown relative nodal displacement, velocity, and acceleration vectors, respectively. The earthquake ground acceleration is represented by g x and r is the vector of influence coefficients. The modal frequencies and mode shapes of the wind turbine tower without control systems are determined by solving the Eigen value problem. A TMD is placed where the mode shape amplitude of the wind turbine tower is the largest/larger in a particular mode and is tuned to the corresponding modal frequency. Not more than one TMD is placed at a location, and the stiffness (ki) and damping (ci) parameters of the TMDs (i = 1. . .n) are calculated based on the modal frequencies. For the TMDs and the KDamper, the mass matrix is of order N n N n as follows:
where 
The coupled differential equations of motion (Eq. (15-16)) for the wind turbine tower installed with TMD(s) or KDamper are thus derived and solved using Newmark's integration method. 
Designing and placement of resonant dampers
Test case 1: Uncontrolled wind turbine tower.
Test case 2(a): Single TMD placed on top of wind turbine tower.
The deciding criterion for the use of the single TMD is the control of the first modal response. The frequency of the TMD is calculated as
Where the tuning frequency ratio is 1 f . Here, and 1 respectively are the frequency of the TMD and the first natural frequency of the wind turbine tower before controlling. The effectiveness of the TMD installed on a wind turbine tower depends on mass ratio, 
The damping c of the TMD is calculated as follows
where D is the damping ratio of the TMD.
Test case 2(b): Pendulum placed at the top of wind turbine tower.
The procedure is the same with the single TMD placed on top of wind turbine tower, with the difference for the calculation of the stiffness Kpend (Eq. (23)).
cos sin This time the goal is to control the first 2 modal responses of the wind turbine tower. The frequency of each TMD is calculated as:
where all (i=1,2) tuning frequency ratios are, 
The stiffness (ki) is used for adjusting the frequency of each TMD unit such that
The damping ratio The optimal design approach for the parameters of the KDamper controlling a single degree of freedom system, follows exactly the corresponding steps as in Den Hartog (1956) . The first step is for the user to define the parameters and as follows:
where s m is the system's mass and D m is the additional mass of the KDamper, as shown in Figure 1 .c. The mass ratio , is selected arbitrarily. The bigger the value of and consequently the value of D m , the better the results of the system's response. However, when applying to structures where the value of s m is extremely big, an optimal choice between the desired effects on structure's response and the ability to construct the device should be found.
In terms of the parameter , further explanation on how to choose the right value is given later in this paper. Once and are chosen, frequency ratio is defined as
where D k is equal to e N k k for the KDamper. For each set of the parameters , the optimum value of is
Coefficients C and B are calculated according to Table 1 and Equations (34-37). 
Consequently, the values of the KDamper's parameters finally result as:
The increase of the value of is upper limited by a value of max . As it is observed in Figure 5 .a, when reaches max the frequency ratio tends to infinity. However, increasing has a number of implications in the design of the KDamper. First, high stiffness values result, as presented in Figure 6 . Moreover, increasing the stiffness and especially N k , may endanger the static stability of the system. Although N k is selected according to Eq. (29) to ensure the static stability, variations of N k result in practice due to various reasons, such as temperature variations, manufacturing tolerances, or non-linear behavior, since almost all negative stiffness designs result from unstable non-linear systems. Consequently, an increase of the absolute value of N k by a factor may lead to a new value of NL k where the structure becomes unstable. Figure 5 .b presents the variation of over and . As it can be observed from Eq. (44) and Figure 5 .b, the increase of the negative stiffness of the system is upper bounded by the static stability limit of the structure, where tends to zero. In practice, the value of max can be calculated by a Goal Seek command with the condition that is equal to zero. In this paper due to the fact that the system does not consist of a single degree of freedom, the parameters of the KDamper are calculated numerically.
NUMERICAL STUDY ON WIND TURBINE TOWER
A wind turbine tower of variable tubular cross section ( [18] is examined. The radius and the thickness of the tubular cross section vary linearly along the tower length according to the dimensions. In order to take into account the inertial forces applied by the mechanical parts (nacelle, rotor and blades), an additional concentrated mass 403.22 top m tn [18] is added at the top of the tower. The tower is considered to be clamped at its base and is subjected to the seismic excitations of JMA(1995) and TABAS and to the time-dependent horizontal force ( ) N F t at its top due to the wind. retrieved from [12] . It is noted that ( ) V t is assumed to have a uniform spatial distribution over the actuator disc. ( ) bl c r is the chord of the blade profile varying along the blade length r, the distribution of which is obtained from [18] , [12] . In order to evaluate ( ) N C r , the classical Blade Element Momentum theory [9] 
F r t C r c r V V t V t (47)
In this application the mean velocity is 27 / sec m V m .Moreover, in order to take into account the wind velocity fluctuation at the altitude of 120 l m , an artificial velocity time history is generated following the regulations of EC1, part1.4 [3] and applying the procedure presented in [21] 
Numerical results

Test case 1: uncontrolled wind turbine tower
The critical factor for the design of the wind turbine is the deflection at the top of the wind turbine tower. In Figure 9 are presented the transfer functions for the displacement at the top of the wind turbine tower for base excitation and input force at the top of the tower respectively. 
Test case 2: Single TMD placed on top of wind turbine tower -linear pendulum
Given that the TMD is tuned with the first natural frequency before control, the only parameter of the TMD is the mass ratio μ, the damping ratio is taken ζ=15%. For each of these excitations a verification is made, in order to verify that the tuning of the TMD with the first natural frequency is optimum. A constant mass ratio of 10% and a damping ratio of 15% are taken and the only parameter is Kd. Figure 14 shows the maximum displacement at the top of the wind turbine tower in relation to Kd. Figure 15 showns the Transfer function for the wind turbine tower controlled with a TMD with a mass ratio of 10% and a damping ratio of 15%. In Table 2 are presented the optimum results after the implementation of a tuned TMD with a mass ratio of 10% and a damping ratio of 15%. Table 2 : Results after the implementation of a TMD of a mass ratio of 10% and a damping ratio of 15%.
The implementation of the TMD leads to a new system with reduced displacements along the tower of the wind turbine and higher damping ratio. In order to calculate the exact value of the new damping ratio, the isolated system is subjected to a free vibration with initial conditions, which in this case are according to the first modal eigenform of the wind turbine tower before control with the initial condition of the TMD equal to the initial condition at the top of the wind turbine tower. More specifically, the value of the new damping ratio is calculated as:
where T is the time between two consecutive peaks of the dynamic response of the system, as shown in Figure 17 . The new damping ratio of the system equals to 15.68%. 
Test case 3: 2 TMDs placed according to the 2 first modal shapes
Following the procedure that is presented in 3.2 the unknown parameter is the mass ratio μ, the damping ratio ζ is taken 15%. Again, beside the maximum displacement at the top of the wind turbine tower, a critical factor for the design of the wind turbine tower controlled with 2TMDs, is the relative displacements between the TMDs and the degree of freedom of the wind turbine tower that is relative with the respective TMD, for constructional reasons. The maximum displacement that can have a TMD is 3,87/2=1.935 m. In Figure 21 is shown the Transfer function for the wind turbine tower with 2TMDs controlling the first 2 natural frequencies of the wind turbine tower before control, with a mass ratio of 10% and a damping ratio of 15%. In Table 3 are the optimum results after the implementation of 2TMDs that control the first 2 natural frequencies of the wind turbine tower before control, with a mass ratio of 10% and a damping ratio of 15%. Table 3 : Results after the implementation of 2TMDs of a mass ratio of 10% and a damping ratio of 15%.
In order to calculate the exact value of the new damping ratio, the isolated system, with the 2 TMDs, is subjected to a free vibration with initial conditions, which in this case are according to the first modal eigenform of the wind turbine tower before control, with the initial conditions of the degrees of freedom of the TMDs to be equal to the respective degrees of freedom of the wind turbine tower which are related. More specifically, the value of the new damping ratio is calculated as in Eq.(48), where T is the time between two consecutive peaks of the dynamic response of the system, as shown in Figure 22 . The new damping ratio of the system equals to 10.86%. 
Test case 4: Single KDamper placed on top of the wind turbine tower
The mass ratio, the damping ratio and the stiffness kP have the value 10%, 15% and 454.6 kN/m (as in test case 2 with 10% mass ratio) respectively. In Table the The implementation of the KDamper leads to a new system with reduced displacements along the tower of the wind turbine and higher damping ratio. In order to calculate the value of the new damping ratio, the isolated system is subjected to a free vibration with initial conditions, which in this case are according to the first modal eigenform of the wind turbine tower before control, with the initial condition of the KDamper equal to the initial condition at the top of the wind turbine tower. However, the new damping ratio of the system cannot be calculated as in the previous Test cases, due to the fact that the maximum values of the response (Figure 26) , for a free vibration with initial conditions, does not follow an exponential distribution. Finally, the static stability margin ε is calculated as in 3.2 (Test case 4). With the installed parameters that are presented in 4.1 (Test case 4), the value for the static stability margin is 1.0283 or 102.83%.
Comparison of the top displacement
In Table 5 , the maximum displacement of the top of the wind turbine tower is presented, for each excitation and test case respectively, as well as the reduction percentage in relation to the top displacement of the uncontrolled wind turbine. 
CONCLUSIONS
The KDamper concept can provide a realistic alternative to the existing vibration isolation systems used for the design of wind turbines. The implementation of the KDamper leads to a drastic reduction of the wind turbines dynamic response, in most cases even greater than that of the TMD, offering high damping properties at the same time. The reliability and simplicity of the system are also advantages that render the devise suitable for various technological implementations. Moreover, the inherent non-linear nature of the negative stiffness force can be exploited to offer further potential advantages of the KDamper concept, such as robustness, broadband response and energy sinks.
